Introduction
============

Psoriasis is a debilitating skin disease affecting approximately 125 million persons in Europe, the USA and Japan ([@b69-0050423]). It is a chronic disease, generally characterized by periods of exacerbation and remission. Clinically, psoriasis is characterized by red plaques (due to dilation of blood vessels) with silver or white scales (due to rapid keratinocyte proliferation) that are clearly demarcated from adjacent, normal appearing, non-lesional skin ([Fig. 1A](#f1-0050423){ref-type="fig"}). Thus, individuals with psoriasis have areas of involved skin (lesional skin) as well as areas of normal-appearing uninvolved skin (non-lesional skin). Lesions often occur at sites of epidermal trauma, such as the elbows and knees, but can appear anywhere on the body. In addition, it is becoming increasingly clear that psoriasis is not just skin deep. For example, the frequency of seronegative arthritis in individuals with psoriasis has been estimated to be approximately 7--8%, but can be up to 30% in some study populations ([@b29-0050423]; [@b139-0050423]). Other co-morbidities observed in individuals with psoriasis can include cardiovascular disease, diabetes mellitus (mainly type 2), metabolic syndrome, obesity, impaired quality of life and depression ([@b29-0050423]; [@b40-0050423]; [@b7-0050423]; [@b32-0050423]; [@b85-0050423]; [@b95-0050423]). For example, a recent meta-analysis of 22 studies that included over 3 million patients suggested that those with psoriasis had a 1.42-fold increased risk of diabetes ([@b27-0050423]).

Almost 90% of individuals with psoriasis have the most common form of the disease, known as psoriasis vulgaris or plaque psoriasis ([@b94-0050423]). Many affected individuals have a mild form and can be treated with topical agents, but up to one third of patients have moderate-to-severe psoriasis (affecting \>10% body surface area) and require additional therapies ([@b50-0050423]), including ultraviolet light therapy or systemic medications. Individuals with moderate-to-severe psoriasis often receive 'rotational' therapy, whereby drugs are changed after a certain time period to minimize the toxicity of a particular systemic treatment. Although available treatments are successful in many individuals, they do not 'cure' the disease, and the associated toxicities mean that improved therapies that target the underlying pathological mechanisms more specifically are urgently needed.

The pathophysiology of psoriasis is complex and dynamic, involving skin cells and immune cells. Cellular studies of mice and patient samples have been complemented by genetic studies ([Box 1](#box1){ref-type="boxed-text"}), which have helped to clarify and confirm many aspects of disease pathophysiology. Histologically, the disease is characterized by acanthosis (thickening of the epidermis) and parakeratosis (retention of nuclei in the stratum corneum, the outermost layer of the epidermis), and thus was once thought to be solely a hyperproliferative disease of keratinocytes ([Fig. 1B](#f1-0050423){ref-type="fig"}). However, over the past decade, a large amount of evidence has defined a role for the immune system and its interactive network of leukocytes and cytokines in disease pathogenesis. Psoriatic lesions are highly infiltrated with immune cells, most notably CD3^+^ T cells and CD11c^+^ dendritic cells (DCs) ([@b23-0050423]; [@b78-0050423]) ([Fig. 1C,D](#f1-0050423){ref-type="fig"}). Pro-inflammatory cytokines produced by these cells -- including tumor necrosis factor-α (TNFα), interferon-γ (IFNγ), interleukin-17 (IL-17), IL-22, IL-23, IL-12 and IL-1β -- have been linked to the pathogenesis of psoriasis, through causing activation of keratinocytes and other resident cutaneous cells. As discussed in detail below, drugs that inhibit some of these cytokines have shown promise in the clinic. For example, [Fig. 1A](#f1-0050423){ref-type="fig"} illustrates an example of successful therapy with the TNFα inhibitor etanercept (Enbrel) ([@b134-0050423]). Marked decreases in the number of T cells and DCs, as well as in the cytokines they produce, were observed after effective anti-psoriatic therapy ([@b134-0050423]; [@b58-0050423]).

![**Clinical and histological features of psoriasis before and after effective treatment.** (A) Clinical presentation of psoriasis showing clearly demarcated red plaques with silver scales. After 12 weeks of treatment with the TNFα inhibitor etanercept, there was marked lesion resolution. (B) Comparative hematoxylin and eosin staining of psoriatic lesional skin showed marked epidermal thickening and cellular infiltration compared with non-lesional skin. These features were reversed 12 weeks post-treatment with etanercept. (C) Increased infiltration of CD3^+^ T cells in lesional skin compared with non-lesional skin; this infiltration decreased with treatment (week 12). (D) Increased CD11c^+^ DCs in lesional skin were reduced with treatment (week 12). \[Images are unpublished, from a study reported in Zaba et al. ([@b134-0050423]).\]](DMM009092F1){#f1-0050423}

Advances in understanding the immune-mediated pathological mechanisms of psoriasis based on both animal and human studies have opened up new therapeutic avenues. In turn, recent data from clinical trials using immune-modifying drugs ([Tables 1](#t1-0050423){ref-type="table"} and [2](#t2-0050423){ref-type="table"}) have further informed the research community about the involvement of specific immune-cell types and cytokines in disease pathology. In this Commentary, we review recent lessons learned through animal and human research of immune-mediated pathology in psoriasis, and discuss the outlook for future therapeutic development.

Approaches for studying the pathogenesis of psoriasis
=====================================================

The pathogenic mechanisms of many diseases have been elucidated using animal models. However, many of the key studies that led to a better understanding of the pathogenesis of psoriasis, and to the development of novel therapeutics, have been carried out directly in patients. This is due in part to the fact that there is no currently available mouse model that recapitulates all facets of human psoriasis ([@b120-0050423]). Nevertheless, several mouse models have been used to provide mechanistic insight into the pathogenesis of psoriasis, as outlined below.

Mouse models of psoriasis
-------------------------

Humanized mouse models in which psoriatic skin is xenografted onto immunodeficient mice have been used as a means to study the immune pathways leading to the development and resolution of psoriatic lesions. Initial studies transplanted psoriatic skin onto athymic nude mice (which lack T cells) or severe combined immunodeficient (SCID) mice (which lack both T and B cells). Lesion development can be induced in non-lesional (normal appearing) skin grafts from psoriasis patients after injection of superantigen-activated leukocytes, providing strong evidence that T cells play a key role in the pathology of the disease ([@b11-0050423]; [@b131-0050423]). More recently, a new model of xenotransplantation has been developed whereby non-lesional skin is engrafted onto AGR129 mice (which lack T and B cells, and also have severely impaired natural killer cell responses). Non-lesional skin grafts transplanted onto AGR129 mice spontaneously convert to lesional skin, suggesting that all of the elements required for the development of psoriasis lesions are present in non-lesional skin ([@b16-0050423]). The development of lesions in this model is associated with enhanced proliferation of T cells that are resident in non-lesional skin and increased TNFα production. Blocking either of these components prevented development of lesions, supporting the idea that T cells participate in the development of the psoriatic inflammatory cascade ([@b16-0050423]). Additionally, neutralizing other factors in this model -- such as α1β1 integrin (required for the accumulation of T cells in the epidermis), IFNα/β receptor, BDCA-2 \[which blocks IFN production by plasmacytoid DCs (pDCs)\] or the p19 subunit of IL-23 (which is involved in Th17 cell activation; see [Box 2](#box2){ref-type="boxed-text"}) -- has also established the potential contributions of these elements in the generation of psoriasis lesions ([@b93-0050423]; [@b30-0050423]; [@b121-0050423]). Xenotransplantation models have also been used to examine the effects of novel biologic agents in preclinical studies ([@b127-0050423]; [@b112-0050423]).

###### 

Efficacy of FDA-approved biologic drugs for psoriasis at 10--16 weeks
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Injection of certain inflammatory cytokines (e.g. IL-23) or transgenic overexpression of growth factors or signaling molecules \[such as endothelial-specific receptor tyrosine kinase, constitutively active STAT3, amphiregulin or a latent form of transforming growth factor-β (TGFβ1)\] in mouse keratinocytes induces epidermal hyperplasia that mirrors some features of psoriatic lesional skin ([@b31-0050423]; [@b61-0050423]; [@b74-0050423]; [@b109-0050423]; [@b140-0050423]; [@b130-0050423]; [@b104-0050423]). However, although these models might help in understanding the functions of particular genes that are elevated in psoriasis, they are inherently limited because the phenotype resulting from fixed transgenes cannot be reversed in the same way that the inflammatory pathways in human psoriasis are 'shut-off' with effective treatment. Additionally, although these models might mimic the epidermal hyperplasia seen in human psoriasis, they do not accurately reflect all of the genomic changes that occur in psoriatic lesional skin, in which hundreds of inflammation-associated genes are altered compared with uninvolved, non-lesional skin ([@b117-0050423]; [@b120-0050423]). An imiquimod-induced dermatitis mouse model has also been proposed to reproduce psoriasis-like skin changes ([@b126-0050423]). This has been a useful model to study the T cell phenotype in skin inflammation ([@b17-0050423]) and the role of IL-22 in psoriasiform hyperplasia ([@b125-0050423]). Notably, a recent study used a microarray-based analytical approach to evaluate five different mouse models and found that each model had transcriptomic convergences and divergences from human psoriasis ([@b120-0050423]). Knowledge of which mouse model best represents the pathways of interest for a given study could facilitate more tailored research into specific areas of psoriasis pathogenesis. It is important to note that the structure of mouse and human skin differs substantially, not only in epidermal thickness and the density of hair follicles, but also in the makeup of the inflammatory milieu of mouse and human cells ([@b76-0050423]).

###### 

Psoriasis drugs currently under development
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###### The genetics of psoriasis

Many observational studies have supported a role for genetic factors in the development of psoriasis, starting with a positive family history in approximately a third of patients, to the increased incidence in twins (approximately 70% in monozygotic and up to 20% in dizygotic twins, depending on the population studied) ([@b106-0050423]; [@b8-0050423]; [@b66-0050423]). However, finding the genes responsible for the psoriatic phenotype has proven challenging. Whereas Mendelian diseases are caused directly by rare mutations, in common diseases such as psoriasis, the genetic contribution is usually a complex sum of common genetic variants, with many individual alleles conferring modest risk. Early approaches for identifying these genes were linkage studies, later followed by genome-wide association studies (GWAS), which identify single nucleotide polymorphisms (SNPs) -- subtle coding variations between individuals -- that have a statistical association with a given disease.

The first and most influential psoriasis susceptibility locus, *PSORS1* (psoriasis susceptibility 1), was found on chromosome 6p21.3 ([@b122-0050423]; [@b89-0050423]). This locus contains several genes of potential interest, including *HLA-C* (human leukocyte antigen C), *CCHCR1* (coiled-coil α-helical rod protein 1) and *CDSN* (corneodesmosin). The *HLA-Cw6* allele has been associated with psoriasis in many different populations, indicating that it might be the causal disease susceptibility allele at the *PSORS1* locus ([@b18-0050423]; [@b90-0050423]). However, the penetrance of *HLA-Cw6* is approximately 10%, so it is not sufficient to explain all of psoriasis heritability ([@b105-0050423]). Now, many other PSORS loci have been discovered that have potential roles in epidermal pathology as well as immune dysregulation \[comprehensively reviewed by Capon et al. ([@b20-0050423])\]. For example, polymorphisms have been found in genes involved in the epidermal barrier (*LCE3B*, *LCE3C*, *LCE3D*), NFκB activation (*REL*, *TNIP1*, *TRAF3IP2*, *TNFAIP3*, *NFKBIA*, *FBXL19*), and IL-23 signaling and Th17 cell adaptive immune responses (*IL23R*, *IL12B*, *IL23A*) ([@b20-0050423]). Although a relationship between a polymorphism and in vitro responses was recently shown for an *IL23R* variant ([@b33-0050423]), for most gene associations, functional effects of SNPs remain to be determined.

In 2011, there were several reports that a loss-of-function mutation in the gene encoding an IL-36 receptor antagonist (*IL36RN*) causes familial pustular psoriasis ([@b83-0050423]; [@b99-0050423]). This gene encodes an anti-inflammatory innate immune cytokine in the IL-1 family, and implicates the innate immune system in this systemic presentation of psoriasis. This finding might also offer a novel therapeutic target for individuals with this particular form of psoriasis.

Patient-based research
----------------------

The shortcomings of mouse models of psoriasis support a need for patient-based research. The accessibility of human skin has greatly facilitated psoriasis research and there are now many tools available to researchers. For example, serial biopsies of an index plaque can be obtained at various time points during clinical trials to investigate the cellular and molecular changes that occur with treatment. Biopsies of non-lesional and lesional skin are routinely used for comparative histological staining to assess various cell populations, as well as for genomic analysis to identify disease-related genes. Microarray techniques have provided an unbiased tool to generate hypotheses of potential disease-related genes and pathways, and have identified many dramatic genomic modifications in psoriasis compared with non-lesional and normal skin ([@b142-0050423]; [@b52-0050423]; [@b117-0050423]). In addition, immune cells can be isolated from shave biopsies of lesional skin to perform functional ex vivo studies. Using these techniques for determining the mechanisms of action of several different drugs during clinical trials has enabled the elucidation of the interactive immunological networks contributing to psoriasis.

Lessons learned from T-cell-targeted therapies
==============================================

Early descriptive studies using immunohistochemistry of lesional skin biopsies showed that T cells are prevalent in psoriatic skin ([@b14-0050423]). Phenotyping of these T cells revealed that they were mainly activated memory T cells expressing CD2, CD3, CD5, CLA, CD45RO and activation markers including CD25, HLA-DR and CD27 ([@b13-0050423]; [@b37-0050423]). Furthermore, a skewed Th1 cell polarization profile with increased production of IFNγ and TNFα was observed ([@b6-0050423]). More recently, it has been appreciated that lesional T cells that secrete IL-17 (i.e. Th17 cells; see [Box 2](#box2){ref-type="boxed-text"}) are important contributors to psoriasis pathogenesis ([@b10-0050423]; [@b65-0050423]; [@b79-0050423]) and that many of these dermal T cells might contain a non-variant γδ T cell receptor (TCR) ([@b17-0050423]; [@b49-0050423]; [@b119-0050423]).

Perhaps the most compelling early evidence that psoriasis is a T-cell-mediated disease came from a series of clinical trials. A trial in which individuals with rheumatoid arthritis (who also had psoriasis and psoriatic arthritis) were treated with cyclosporine, a calcineurin antagonist that inhibits T cell activation, led to the finding that this drug also suppressed the clinical appearance of psoriasis ([@b35-0050423]). Treatment with tacrolimus (FK506), another calcineurin inhibitor, showed similar results ([@b57-0050423]). However, because these agents also inhibited keratinocyte proliferation, the success of treatment could not be attributed solely to effects on T cells. The first clear evidence that T cells contributed to the epidermal abnormalities seen in psoriasis was demonstrated by treatment with the fusion toxin DAB~389~IL-2, a protein that induces apoptosis of cells expressing functional IL-2 receptors and thus is a highly selective antagonist of activated T cells. DAB~389~IL-2 treatment successfully depleted lesional T cells and reversed keratinocyte proliferation and regenerative epidermal growth ([@b48-0050423]), highlighting the fact that activated T cells are central to psoriasis.

Subsequently developed therapies aimed to target T cell activation more specifically. T cell activation is negatively regulated by cytotoxic T lymphocyte antigen 4 (CTLA4), the expression of which is upregulated on the cell surface after T cell activation ([@b59-0050423]). When a soluble CTLA4 immunoglobulin (CTLA4Ig) that targets this inhibitory pathway was tested on individuals with psoriasis in a clinical trial, a 50% clinical improvement was achieved in almost half of the patients, with associated reductions in epidermal hyperplasia and lesional T cell numbers ([@b1-0050423]; [@b2-0050423]). Subsequently, alefacept (Amevive), which more selectively blocks the activation of effector memory T cells, but not naive T cells, was developed specifically for the treatment of psoriasis ([@b34-0050423]; [@b24-0050423]). In clinical trials with this drug, PASI-75 \[i.e. an improvement in the Psoriasis and Severity Index (PASI) score of at least 75% compared with baseline\] was achieved in 28% of treated individuals, compared with only 8% of those in the placebo group ([@b62-0050423]). The greatest clinical responses were correlated with the largest reduction in circulating memory T cell numbers, decreased numbers of lesional T cells, and decreased tissue expression of IFNγ, induced nitric oxide synthase (iNOS), IL-8 and IL-23 ([@b100-0050423]; [@b23-0050423]).

###### The IL-23--Th17-cell axis

It was previously thought that helper T cells differentiated into either IFNγ-producing Th1 cells or IL-4-producing Th2 cells, but it is now clear that there are additional distinct Th cell subsets whose differentiation and function do not rely on the transcription factors or cytokines that regulate Th1 or Th2 cells. Among these additional Th cell subsets are Th17 cells, characterized mainly by the production of IL-17, as well as IL-22 and TNFα. IL-17 is a highly pro-inflammatory cytokine that induces production of IL-6, granulocyte macrophage colony stimulating factor (GM-CSF) and various chemokines that are important for the mobilization of other inflammatory cells, including neutrophils ([@b60-0050423]). Th17 cells are involved in the immune response to fungi and extracellular bacteria, and also play a major role in autoimmunity and inflammation.

The factors involved in the differentiation of Th17 cells have been a source of much debate because there seem to be different species-specific requirements. In mice, TGFβ and IL-6 induce Th17 cell differentiation from naive T cell precursors, whereas IL-23 is thought to be involved in the maintenance of IL-17 production ([@b5-0050423]; [@b9-0050423]; [@b81-0050423]). By contrast, in humans, IL-23 (in conjunction with IL-1, IL-6 and in some cases TGFβ) plays a more direct role in the polarization of Th17 cells ([@b4-0050423]; [@b26-0050423]; [@b129-0050423]; [@b80-0050423]; [@b128-0050423]; [@b132-0050423]; [@b110-0050423]). Elegant mouse studies demonstrated that transfer of Th17 cells generated in the presence of IL-23, but not TGFβ, caused autoimmunity in mice ([@b84-0050423]; [@b41-0050423]). These studies, coupled with the association between polymorphisms in IL-23 genes (*IL23A*, *IL12B* and *IL23R*) and psoriasis susceptibility, highlight the importance of the IL-23--Th17-cell axis in autoimmunity ([@b19-0050423]; [@b22-0050423]; [@b91-0050423]; [@b92-0050423]).

Efalizumab (Raptiva) is a humanized monoclonal antibody that blocks interactions between T-cell-associated CD11a/LFA-1 and ICAM-1 on antigen presenting cells, as well as T cell activation and trafficking to skin. In a clinical trial with this drug, PASI-75, as well as a decreased number of lesional T cells and reduced epidermal thickness, were seen in 27% of patients compared with only 4% of patients that received placebo ([@b43-0050423]). However, after discontinuation of efalizumab, up to 14% of patients had a dramatic worsening of psoriasis ([@b21-0050423]). Furthermore, a few cases of progressive multifocal leukoencephalopathy (PML), an often-fatal brain infection, were reported in efalizumab-treated patients ([@b115-0050423]), and this drug was withdrawn from the market.

In general, T-cell-targeted therapies for psoriasis are only effective in a small percentage of patients and carry the risk of severe immunosuppression due to the fact that they globally suppress T cell activation and cytokine production. Thus, there is still an urgent need for more targeted therapies.

Lessons learned from anti-cytokine therapies
============================================

TNFα blockade
-------------

TNFα is prevalent in many inflammatory diseases, including psoriasis. In psoriasis, TNFα is produced by keratinocytes, DCs \[particularly TNFα- and iNOS-producing DCs (TIP-DCs)\] and by Th1, Th17 and Th22 cells ([@b78-0050423]; [@b79-0050423]; [@b36-0050423]). TNFα is not only highly pro-inflammatory on its own, but is also able to synergistically enhance the effects of other pathogenic cytokines in psoriasis ([@b113-0050423]; [@b36-0050423]; [@b28-0050423]).

Similar to T-cell-targeted agents, the therapeutic benefit of TNFα neutralization in psoriasis was found serendipitously when an individual with refractory inflammatory bowel disease and concomitant psoriasis was treated with infliximab (a monoclonal antibody against TNFα; trade name Remicade; [Table 1](#t1-0050423){ref-type="table"}) ([@b98-0050423]). Since then, two additional TNFα inhibitors have been approved for use in psoriasis: adalimumab (Humira) and etanercept. Each agent targets TNFα in a slightly different manner. Infliximab is a chimeric monoclonal antibody that neutralizes soluble and membrane bound forms of TNFα ([@b103-0050423]). Adalimumab is a fully humanized IgG1 monoclonal antibody ([@b88-0050423]). Etanercept is a recombinant soluble receptor consisting of the extracellular ligand-binding domain of the TNFαreceptor fused to the Fc domain of human IgG1; it can neutralize soluble TNFα as well as lymphotoxin-α (also known as TNFβ) ([@b101-0050423]).

TNFα inhibitors were approved for the treatment of rheumatoid arthritis years before being approved for psoriasis. In rheumatoid arthritis, these agents act therapeutically by downregulating the expression of innate pro-inflammatory cytokines, including IL-1β, IL-6 and IL-8. However, in psoriasis, the mechanism of action of etanercept is different. Genomic comparisons between psoriasis patients that respond to etanercept treatment and those that do not revealed that, although both groups downregulate these innate cytokines, successful treatment outcomes were correlated with decreased expression of genes associated with the differentiation and function of Th17 cells (thought to be downstream of TNFα production) ([@b134-0050423]; [@b136-0050423]). Non-responding patients maintained the expression of these genes. Furthermore, rapid suppression of IL-23 and the Th17 cell axis preceded downregulation of IFNγ-associated genes, which correlated with final disease resolution ([@b134-0050423]; [@b136-0050423]). Recently, TNFα and IL-17 have been shown to synergistically induce many keratinocyte pro-inflammatory products that are involved in psoriasis ([@b28-0050423]). Thus, blocking either of these pathways (TNFα or IL-23--Th17) might have dramatic effects on keratinocyte production of pathogenic downstream molecules.

TNFαinhibitors are highly effective for the treatment of psoriasis ([Table 1](#t1-0050423){ref-type="table"}). However, the degree of immunosuppression induced by blocking TNFα can lead to adverse events. Patients treated with these agents have increased risk of developing serious infections, including sepsis and opportunistic infections, and of reactivating latent tuberculosis ([@b38-0050423]). Furthermore, some studies have linked anti-TNFα therapy, particularly when used in conjunction with other drugs, to an increased incidence of lymphoma and other malignancies ([@b67-0050423]; [@b82-0050423]; [@b55-0050423]). Recently, it was reported that the long-term (\>4 years) adherence rate of individuals with psoriasis to anti-TNFα drug therapy was 40% for etanercept and adalimumab and 70% for infliximab; reasons for discontinuation of treatment included loss of efficacy and the occurrence of adverse events ([@b42-0050423]).

Targeting the p40 subunit common to IL-12 and IL-23
---------------------------------------------------

IL-23 is a heterodimeric cytokine composed of a unique p19 subunit (encoded by *IL23A*) and the p40 subunit (encoded by *IL12B*); together with p35, p40 also forms part of IL-12. IL-12 and IL-23 are primarily produced by myeloid DCs and macrophages, and are involved in the activation of Th1 and Th17 cells, respectively ([@b71-0050423]; [@b141-0050423]). The expression of both subunits of IL-23 was found to be significantly upregulated in lesional psoriatic skin, whereas the unique IL-12 subunit, p35, was not ([@b71-0050423]; [@b121-0050423]), implying that the effects of IL-23 might be dominant in psoriasis. This hypothesis was further supported by genetic studies ([Box 1](#box1){ref-type="boxed-text"}). For example, GWAS identified the IL-23 signaling pathway (*IL23A*, *IL12* and *IL23R*) as a risk factor for the development of psoriasis ([@b19-0050423]; [@b22-0050423]; [@b91-0050423]; [@b92-0050423]). Furthermore, in a more recent study, the *IL23R* R381Q gene variant was actually found to be protective against psoriasis by impairing the IL-23-induced Th17 cell effector response ([@b33-0050423]). Selective neutralization of IL-23p19 in a humanized mouse model (see above) prevented the development of psoriasis ([@b121-0050423]), further implicating IL-23 in the development of psoriasis lesions.

Ustekinumab (Stelara), a fully humanized monoclonal antibody that neutralizes the shared p40 subunit of IL-12 and IL-23, is now FDA-approved. In clinical trials, PASI-75 was achieved in greater than 60% of psoriasis patients treated with ustekinumab ([Table 1](#t1-0050423){ref-type="table"}), compared with only 3% in the placebo-treated group, after 12 weeks ([@b73-0050423]; [@b102-0050423]). Clinical trials with another p40 inhibitor, briakinumab (ABT874; [Table 1](#t1-0050423){ref-type="table"}), were similarly successful, with just over 80% of patients achieving a PASI-75 at 12 weeks ([@b47-0050423]; [@b116-0050423]; [@b45-0050423]).

Clearly, TNFα and IL-23 are both involved in the pathology of psoriasis, but it is still not clear which of these might represent the best drug target. One randomized trial compared treatment with ustekinumab (p40 neutralization) to treatment with etanercept (TNFα inhibition), and found that, although both drugs resulted in PASI-75 at week 12 in most patients (68% with 45 mg and 74% with 90 mg ustekinumab; 57% with etanercept) and downregulation of the same inflammatory genes, ustekinumab was clinically superior to etanercept as evaluated by the physicians' global assessment ([@b51-0050423]; [@b63-0050423]). Additionally, approximately half of the patients that did not respond to etanercept achieved PASI-75 after switching to ustekinumab ([@b51-0050423]). This study supports the idea that IL-23 is dominant over TNFα in the pathogenesis of psoriasis. This might be attributed to the fact that IL-23 has direct effects on T cell activation and cytokine production, whereas TNFα might have a more indirect role in T cell activation through inducing IL-23. Thus, in patients in which TNFα inhibition is ineffective, IL-23 levels remain high, resulting in sustained Th17 cell activation and cytokine production ([@b136-0050423]). Notably, antagonism of IL-23 dampens downstream T cell responses while preserving innate immune responses elicited by TNFα, and thus should be safer and induce fewer adverse events.

New emerging targets
--------------------

As discussed, the cytokine antagonists that have been FDA-approved have been shown to be efficacious for the treatment of psoriasis ([Table 1](#t1-0050423){ref-type="table"}). However, as the key players in the pathogenic cascade of psoriasis were more clearly defined, it became clear that more specific molecules could be developed for treatment. More selective targeting should enable suppression of pathogenic immune responses while minimizing the risks of global immunosuppression seen with other agents (e.g. TNFα inhibitors). Several drugs in the pipeline ([Table 2](#t2-0050423){ref-type="table"}) are directed against components of the IL-23--Th17 cell axis, including the cytokines IL-23 (p19 subunit), IL-17 and its receptor, and IL-22. Many of the clinical studies for these agents are still underway.

Thus far, although drugs that specifically target the p19 subunit of IL-23 have not yet been FDA-approved for psoriasis treatment, encouraging results from a Phase 1 study of a single dose of anti-IL-23p19 (CNTO 1959; [Table 2](#t2-0050423){ref-type="table"}) in individuals with moderate-to-severe psoriasis were recently reported at the 6th International Congress of Psoriasis: from Gene to Clinic meeting in November 2011 ([@b114-0050423]). PASI-75 was observed in all patients in a 300 mg treatment cohort, indicating that targeting the p19 subunit of IL-23 might be even more beneficial than blockade of the p40 subunit shared by IL-12 and IL-23. In addition, one anti-IL-17 agent (AIN457) has shown tremendous success for treatment of psoriasis, as well as for rheumatoid arthritis and uveitis ([@b56-0050423]). Data on the effectiveness of three subcutaneous doses of another anti-IL-17 agent (LY2439821) in chronic psoriasis were recently published ([@b64-0050423]). In this case, all eight patients receiving the highest dose of AIN457 at weeks 0, 2 and 4 achieved a PASI-75 by week 6. Additionally, JAK3 inhibitors, which prevent signaling of common γ-chain cytokines (IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21) that are involved in T cell proliferation, activation and survival, have also shown potential success in Phase 1 trials ([@b15-0050423]).

Putting together the puzzle: current model of psoriasis pathogenesis
====================================================================

Coupling basic science research with data obtained from clinical trials has established a paradigm of psoriasis disease pathogenesis that involves genetic risk factors and a complex network of inflammatory cells and cytokines. Psoriasis pathogenesis can be divided into two phases: initiation and maintenance. The abovementioned studies have mostly been conducted after psoriasis has been established and have given many insights into the maintenance phase of psoriasis. A current model of this maintenance phase of psoriasis, which integrates the contributions of CD11c^+^ myeloid DCs and T cells and the cytokines they produce, is presented in [Fig. 2](#f2-0050423){ref-type="fig"}. In addition to resident myeloid DCs (marked by CD11c and CD1c) found in steady-state normal skin, psoriatic lesions contain an additional population of inflammatory DCs that express CD11c, but lack CD1c ([@b135-0050423]; [@b137-0050423]). Effective treatment of psoriasis with efalizumab, alefacept, cyclosporine, etanercept or narrow-band ultraviolet B radiation was correlated with decreased numbers of these inflammatory myeloid DCs in psoriasis lesions ([@b23-0050423]; [@b77-0050423]; [@b134-0050423]; [@b54-0050423]; [@b58-0050423]), strengthening the argument that CD11c^+^CD1c^−^ inflammatory DCs are involved in disease pathogenesis. These DCs express inflammatory molecules (such as TLR1, TLR2, S100A7 and TRAIL) and secrete mediators (including TNFα, iNOS, IL-23 and IL-20) that are involved in downstream activation of T cells and keratinocytes ([@b78-0050423]; [@b134-0050423]; [@b53-0050423]; [@b138-0050423]). DCs isolated from psoriasis lesions induced the production of IFNγ and IL-17 by Th1 and Th17 cells, respectively, as well as by a population of Th cells that produced both cytokines ([@b137-0050423]). All of these Th cell populations were abundant in psoriasis lesions ([@b79-0050423]). Th17 cells have also been shown to be the main producers of IL-22, although recently, cells that exclusively produce IL-22 (termed Th22 cells) have been identified as a distinct Th cell subset that is present in lesional psoriatic skin ([@b36-0050423]; [@b97-0050423]; [@b123-0050423]). Whereas IFNγ and IL-17 induce chemokine expression by keratinocytes and the subsequent recruitment of immune cells to the skin, IL-22 leads to aberrant keratinocyte proliferation and epidermal hyperplasia ([@b12-0050423]; [@b108-0050423]; [@b96-0050423]). Moreover, IL-17 and IL-22 cooperatively induce the expression of antimicrobial peptides by keratinocytes ([@b75-0050423]).

![**Current model of the maintenance phase of psoriasis, showing the targets of approved or emerging psoriasis drugs.** Myeloid DCs produce cytokines that induce IFNγ production by Th1 cells and IL-17 production by Th17 cells. IL-23 also induces production of IL-22 by Th17 and possibly Th22 cells. Th cell cytokines IFNγ, IL-17 and TNFα cooperate to induce the production of anti-microbial peptides (AMPs) and chemokines by keratinocytes, thereby enhancing immune-cell recruitment and inflammation in lesions. IL-22 is also involved in promoting epidermal hyperplasia. The IL-20 subfamily cytokines (IL-19, IL-20 and IL-24), which are mainly produced by monocytes, also contribute to epidermal hyperplasia. Drugs that are currently FDA-approved target upstream molecules in this pathway (anti-p40 antibodies and TNF inhibitors), whereas drugs in the pipeline (antibodies targeting IL-17, IL-17R or IL-22) are directed against downstream molecules.](DMM009092F2){#f2-0050423}

Much is known about the immunological circuits that maintain established psoriasis lesions, but how these lesions initially develop is still unclear. pDCs have been implicated in the development of psoriasis lesions. IFNα-producing pDCs have been shown to be increased in psoriasis lesions compared with normal skin ([@b93-0050423]), and an activated type I IFN (IFNα/β) genomic signature in psoriasis has been reported, suggesting that this cytokine family contributes to the disease ([@b133-0050423]). As discussed above, blocking pDC production of IFNα was found to prevent spontaneous development of psoriasis in xenograft transplant mouse models ([@b93-0050423]). Furthermore, recent evidence has pointed to a role for the antimicrobial peptide LL-37 (cathelicidin) in the induction of IFNα production by pDCs. LL-37 is induced by skin infections or injury ([@b83-0050423]) and is upregulated in lesional psoriatic skin. LL-37 forms complexes with self-DNA (released from dying cells) and, through TLR9 engagement, induces IFNα production by pDCs and subsequent activation of myeloid DCs ([@b68-0050423]). Additionally, LL-37 complexes with self-RNA to directly mature myeloid DCs and induce production of TNFα, IL-6 and potentially IL-23 in a TLR7-and TLR8-dependent manner ([@b39-0050423]). Interestingly, self-RNA--LL-37 complexes colocalize with DC-LAMP^+^ mature myeloid DCs in psoriatic lesions ([@b39-0050423]). Hence, pDCs might play a role in lesion initiation, leading to the recruitment and activation of myeloid DCs and T cells that are responsible for lesion maintenance.

Remaining questions
===================

Although there have been many advances in our knowledge of psoriasis pathogenesis in recent years, questions remain. First, it will be important to determine whether knowledge of a given individual's genomic signature can predict who will develop psoriasis, determine which drug will be most effective or predict responsiveness to a particular drug. This concept of personalized medicine was recently examined in a study involving psoriasis patients treated with alefacept: analysis of microarray data showed that changes in a specific group of genes could predict whether a patient would be a responder or non-responder to the drug ([@b118-0050423]). Furthermore, in an elegant, novel application of recently implicated psoriasis genetic loci, Chen et al. proposed the use of a 'weighted genetic risk score' (wGRS), which combines ten psoriasis risk loci, as a tool to predict risk of developing psoriasis ([@b25-0050423]). The ten single nucleotide polymorphisms (SNPs), which are common risk variants chosen from the results of GWAS on the basis of significance in at least one independent study, are *IL23R*, *LCE3C/3D*, *IL13*, *TNIP1/ANXA6*, *IL12B*, *CDKAL1*, *HLA-C*, *TNFAIP3*, *IL23A/STAT2* and *ZNF313*. This combination of SNPs collectively captures more risk than any SNP considered alone. A higher wGRS was found to be associated with early disease onset and a positive family history in a large group of European patients. However, only 11.6% of psoriasis heritability was captured by this combination of common risk variants, and the most dominant risk locus was *HLA-C*, which has a predictive capability as strong as that of the other nine non-MHC loci combined. Nevertheless, this study suggests how emerging data on common genetic variants might be used in the future to predict risk of developing psoriasis.

Second, although more sophisticated genomic analyses continue to uncover previously unknown genetic mutations implicated in psoriasis pathogenesis, it is still unclear whether certain mutations (e.g. in innate versus adaptive immune genes) are associated with different clinical forms of the disease. For example, as discussed in [Box 1](#box1){ref-type="boxed-text"}, two recent studies linked the innate immune gene IL-36 receptor antagonist (*IL36RN*) to generalized pustular psoriasis ([@b83-0050423]; [@b99-0050423]). Further studies are needed to prospectively study the relationships between different clinical phenotypes of psoriasis and specific genetic variants.

Third, because it is now appreciated that psoriasis is not merely 'skin deep' but also linked to many co-morbidities ([@b32-0050423]), it will be interesting to determine whether reversal of the skin manifestations also minimizes systemic effects. Two retrospective studies showed that successful treatment of psoriasis (with TNFα inhibitors or anti-p40 agents) did not reduce the risk of adverse cardiovascular events ([@b3-0050423]; [@b107-0050423]). However, there were limitations to these studies and additional careful prospective studies are required to address this important issue. Positron emission tomography-computed tomography (PET-CT) scans could be used to non-invasively measure systemic and cutaneous inflammation ([@b86-0050423]) in studies that address how co-morbidities are affected by psoriasis treatments. Continuing to expand our knowledge of disease pathogenesis will help to inform the development of newer and more targeted therapeutics.
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